Radiation effects were studied using photons from a *37Cs source. Changes in the FOXFET characteristics as a function of radiation dose up to 1 MRad are reported. Results about the effect of radiation on the noise from a FOXFET biased detector arc described.
Introduction
Silicon microstrip detectors for high-precision charged particle position measurements have been used in nuclear and particle physics for years. The detectors have evolved from simple surface barrier strip detectors with metal strips [l] to highly complicated double-sided AC-coupled junction detectors [2] . ACcoupling the readout electrodes from the diode strips necessitates a separate biasing structure for the strips. A suitable biasing structure consists of a common bias line together with a means for preventing the signal from one strip from spreading to its neighbours through the bias line. One solution to this is to bias the strips through appropriate value resistors, which can be integrated on the detector wafer as polysilicon resistors [3] .To circumvent the extra processing step required for polysilicon resistor processing and the problem of obtaining uniform and high enough resistance values throughout the large detector area, alternative methods for strip biasing have been devised. These include the usage of electron accumulation layer resistance for n+-snips [4] , and the usage of the phenomenon known as the punch-through effect for p+-strips [5, 6] . In this paper we present measurement results about the operation and radiation resistance of detectors utilizing a punch-through effect biasing structure known as a Field Oxide FieldEffect Transistor (FOXFET) [7] .
The punch-through effect
The operation of the FOXFET biasing structure is based on the punchthrough effect previously reported in the context of p+np+ diodes for microwave applications [8] . When a voltage is applied between the p+ regions in a p+np+ 3 (18) structure, the voltage is divided between the two pn junctions. Hence one of the junctions becomes forward biased and the other one reverse biased. At low applied voltages the voltage sharing is determined by the condition that the current flowing through both junctions be the same, which means that most of the voltage is carried by the reverse biased junction (RB) and only a minor fraction by the forward biased junction (FB). When the depletion region produced by the RB junction meets the shallow depletion region of the FB junction, a punch-through (reach-through) is said to occur, and the current through the device starts to be dominated by the hole current thennionically emitted over the FB junction. The current flowing through the device increases exponentially as a function of voltage over the FB junction after punch-through is reached.
The FOXFET structure
A FOXFET structure used for silicon microstrip detector biasing is depicted in fig. 1 , which shows a cross section of the detector in the direction of the strips. In the design a p+ diffusion (bias line) has been placed close (5-10pm) to the ends of the p+ diode strips to be biased. The aluminum gate electrode of the FOXFET is on top of the field oxide between the bias line and the ends of the strips. Thus, the design is a multi-source MOS transistor where the bias line (i.e. the drain of the transistor) and the gate are common, and each strip acts as an individual source.
The silicon part of the FOXFET can also be thought of as a lateral p+np+ diode, and in a qualitative analysis can be treated analogously. However, in quantifying the relevant parameters describing its operation the surface effects caused by the positive charge in the field oxide are important and have to be taken into account.
In detector operation the bias line is grounded and a positive bias voltage is applied to the back of the detector. The purpose of the p+np+ structure is to reach 4 (18) a punch-through condition when the voltage difference between the strips and the bias line exceeds a maximum value defined by the geometry and bias conditions of the FOXFET. This way the strip potential is held close to the potential of the grounded bias line, and an effective bias voltage exists between the strips and the backplane. A negative gate voltage can be applied to control the operation of the FOXFET.
Results

General
The detectors used in the measurements1 were single-sided strip detectors manufactured on a high-tesistivity (~10 kRcm) 300 pm thick wafer. The detector area of 85 x 24 mm was divided into 384 strips on a 60 p pitch. The gate length of the FOXFET structures used for biasing was 6 pm, and the oxide thickness 1 t.tm. The detectors were mounted on test PC boards, and connections to the appropriate contacts (gate, bias line, guard ring, two DC connections to different strips) were made with ultrasonic wire bonding. Contact to the back of the detector was made with conductive epoxy.
The DC measurements reported were made with a programmable multichannel source-monitor unit2. To avoid the effect of varying ambient humidity, the measurements were made with the detector in a dry N2 environment. 
Results
Initial conditions
We start by describing the conditions in the FOXFET before any voltages are applied. The field (also FOXFET gate) oxide contains positive oxide charge of different types [9] , the density of which is typically lo"-lot2 cmm2. This oxide charge induces an electron accumulation layer under the oxide. The excess electron concenaation in this induced layer can be found by solving the Poisson equation in the surface region with the assumption that the space charge from donor ions can be neglected, and stating that the total amount of excess electrons should equal the oxide charge density [lo] . The p+ contacts create a depletion region around themselves through the natural built-in voltage in the pn-junction.
In 10 kQ-cm silicon, the thickness of this built-in depletion region is = 45 pm, so 6 (18) the part of the silicon surrounding the FOXFET except for the accumulation region under the oxide is depleted already with no bias applied.
Detector leakage current
The detector leakage current increased during irradiations from 87 nA to 1700 nA at 1 MRad. This corresponds to a damage constant of 2.7 n4 cm3kRad' which is in agreement with previous studies done with non-hadronic irradiation [ 111. The leakage current increase due to photon irradiation is not very significant compared with the effects due to the buildup of charge in the field oxide of the detector. The leakage current increase from an equivalent dose of hadronic radiation would be much greater. la0 kRad and 500 kRad irradiations the detector annealed significantly, so that the threshold and punch-through voltages after the 500 kRad and 1 MRad doses actually remain lower than at 100 l&ad after annealing. In the case of a second detector, which was not stored between irradiations, increase in punch-through voltage vs. dose was monotonic.
Strip voltage characteristics
The increase in the punch-through voltage and the FOXFRT threshold voltage can be understood in the framework explained in section 4.2.1, where the oxide 8 (18) charge induced electron accumulation layer significantly increases punch-through voltage. As the radiation increases the amount of positive charge in the oxide, the electron accumulation layer gets stronger and the punch-through voltage increases.
The amount of oxide charge present after irradiation to 100 kRad is (calculated from the threshold voltage) =8.1011 cmw2. Typically a saturation in oxide charge buildup is reached when oxide charge approaches the value 2.5 -3.0.1012 cm-2.
This, however does not seem to apply in our case. The saturation phenomenon observed in our measurements is explained in the following.
According to the simple theory of radiation induced charge buildup [12] interface charge buildup does not appear if a negative gate voltage is applied After the electric field is zero throughout the oxide, only trapping at the interface (created by radiation interactions at the interface region [13] ) continues causing the slow increase in the punch-through and threshold voltages.
The annealing process is a tunnel anneal at the Si-Si02 interface, where elecuons from silicon tunnel to the oxide and recombine with charge trapped at or near the Si-Si02 interface. Thus the annealing process does not significantly reduce the amount of charge trapped in the bulk of the oxide, but only that at the interface region. This means that the electric field conditions in the oxide, which led to the saturation of the charge buildup in the oxide, do not change during annealing, although charge from the interface is removed. After annealing charge trapping still only occurs through radiation interactions at the interface and is, therefore, relatively slow.
Current vs. voltage characteristics, dynamic resistance
In operating the detector it is essential for the user to know the I-V characteristics of the strip biasing structure to be able to predict detector behavior with increasing leakage current or damaged strips. For detectors with resistive bias elements the relevant quantity is the resistance value of the bias resistor. For a non-linear biasing element like a FOXFET the situation is not so straightforward.
In the following we have measured the I-V characteristics of a FOXFET structure. This can be done by injecting a current to the FOXFET and measuring the corresponding change in the strip voltage. In addition to injecting the current to one strip using a current source, a measurement was made by increasing the leakage current in the whole detector by shining a conuolled amount of light on it.
10 (18) A subject of interest in the FOXFET is the quantity known as the dynamic resistance, defined as:
(1) I, = b (ea(V-Vp,) -1) (2) 11 (18) R =sv= 1 D a ac\+q), (3) where Vpt = punch-through voltage, R = kT/q for an ideal, bulk geometry. I, can be interpreted as the current flowing through the FOXFET with no external current injected, i.e. the detector leakage current. Thus for currents exceeding I, the dynamic resistance behaves essentially as 1-l. A more accurate analysis [8] takes into account voltage sharing between the forward and reverse biased junctions at the p+np+ structure. 9 shows the measured dynamic resistance as a function of injected current for different radiation doses. The behavior shows the typical Iir!,jdependence at large currents. At low currents the resistance decreases by a factor of 4 at 1 MRad, whereas the dynamic resistance value measured high currents (5100 nA/strip) shows practically no dependence on dose. This is better illustrated in fig. 10 where the dynamic resistance has been plotted versus radiation dose. The effect at low currents is to a large extent explained by the increase in the leakage current at higher radiation doses. Fig. 10 shows also the expected dynamic resistance decrease calculated using the increased detector leakage current and the measured ( fig. 7 ) dependence of dynamic resistance on current. The strip current used in the calculation is obtained by simply dividing the 12 (18) total leakage current of the detector by the number of strips, which may account for the small difference between measured and calculated values in fig. 10 .
Noise performance
The performance as a charged particle detector of one of the two detectors studied was investigated using a 106 Ru g-source. A pulse height spectrum for a single strip is shown in fig. 11 . The gate for the pulse height analyzer was generated using a scintillation counter located behind the silicon detector in coincidence with the strip studied. The adjacent strips were placed in anticoincidence to eliminate events where the charge from the electron passing through the detector produced significant sharing with an adjacent strip. The threshold requirement on the strip studied was used to partially suppress the observed noise peak, but was set very low in order to avoid biasing the observed pulse height spectrum. For a 300 micron thick detector the most probable energy loss is 78 keV corresponding to 21700 electron-hole pairs. The channel separation between the noise peak and the peak of the electron spectrum provides an energy calibration for the spectrum and permits a measurement of the noise by converting the width of the observed noise peak in channels to an equivalent noise charge (ENC). In this case the observed noise was about 840 electrons.
We studied the observed noise and pulse height spectrum as a function of the gate-drain voltage applied to the FOXFET before irradiation with l37Cs and after an exposure of 600 kRads. These data are shown in fig. 12 . The noise is essentially the same before and after irradiation and independent of the gate-drain voltage for normal operation of the FOXFET in its subthreshold region. The onset of increased noise at about -22 V before irradiation and approximately -32 V after 600 kRads is due to the turning on of the FOXFET and the resultant sharp drop in 13 (18) its dynamic resistance. The most obvious effect is the shift in the FOXFRT threshold due to the build up of charge under the gate of the FOXFET, as described in the previous section.
The noise behaviour of the detector as a function of the leakage current was also investigated. To duplicate the large leakage currents which am produced by hadronic damage to the bulk of the detector, the detector was exposed to light.
This was previously shown in fig. 6 . Fig. 6 shows the total leakage current A concern is that at very large leakage currents the dynamic resistance of the FOXFRT will become too small to collect the charge from the passage of a charged particle and also give rise to extra noise in addition to the shot noise associated with the leakage current. A measurement of the noise versus leakage current for the entire detector is shown in fig. 13 . Since the detector has 384 strips, the maximum leakage current of 400 PA corresponds to a leakage current in excess of one FA per strip. The curve through the data is a calculation of the shot noise from the leakage current added in quadrature with the amplifier noise determined at low leakage currents. The calculation assumed CR-RC shaping with a peaking time of 0.25 microseconds. The base amplifier noise was 840 electrons.
The data indicates that there is no discernable increase in the noise from the decreasing resistance of the FOXFET as the leakage current is increased. Changes at low currents are largely due to increased leakage current at high doses. 
